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CHAPTER I 
INTRODUCTION 
For many ,years, water course~ were used for disposal s;ites for 
municipal and indusfri,al wastewater. These receiving streams trea~ed 
the wastewaters naturally, but this process is a very slow and lengthy 
one and is ,a process which is easily overloaded,.·. As the population 
increased, the streams became more. and more polluted~ causing fish. 
kills, overgrowth of algae, and hazards ·to public health. Thus~ waste 
treatment plants are designed to remove these pollutantS. 
, ' I l 
For waste treatment p·l ants to meet present and fut1.1re require-
ments, methods ,of increasing the reniova.l efficie.ncy ·Of the plant,s must 
be res~ar~hed and put into use. Currently, the mixed liquor from such 
secondary treatment processes .as activated sludge, is separ.ated from 
the purified wastewater by quiescent sedimentation,. and thi.s rE!quires 
that the cells must have previo~sly agglomerated or flocculated .. Little 
is known about·bacterial flocculattbn~ and it·is one of the purposes of 
this study to gain an insight into possible relationships between spe-
cific growth rate and micrqbial flocculation. When cells dq not auto-
floccul ate suffi ci ehtly, ,the.n some means of enhancing the natural phe-
nomenon. are needed., It is also the purpose of this invest.iga~ion to· 
gain insight intq the.effect of coagulants ·such as ferric and alum 
salts on bacterial flocculation. · 
l 
CHAPTER II 
LITERATURE REVIEW 
Flocculation has been a problem for many, many yearsi iri fact· 
1 iquid-s.ol id· phase separation ,has been known for 4,000 yeariS. · Sans-
krit literature, 2000 B.C., suggests that a number of vegetable sub-. 
stances, such· as the seed of the stry¢hnos potatorium, were used for·. 
coagulants to remove solids .from.liquids (1). Flocculatfon can happen 
naturally, or by the addition of chemicals (polyelectrolytes and 
metal ions). 
A. Auto-flocculation 
Flocculation prevails both in the living and non-livi.ng world •. 
The study of ·flocculation of-the non-livinQ world has been the concern 
of colloidal chemists, while the study of flocculation of the living 
world has been of concern to biochemists. Surprisingly little work has 
been done with the flocculatfon process in the treatment of sewage~ 
especially with regard to the flocculation of organisms in the acti-
vated sludge process. There has been some research done by Rudolfs and 
Gehm (2), Heukelekian -ans:! Littman (3), Dunbar, Diane.rt, .Cavel, Baly, 
and Lumb (4) which ·has contributed useful information, but two men who 
have contributed some of the basic theories of flocculatfon are Butter-. 
field and McKinney. 
Butterfield in 1935 was able to obtain a pure culture of the 
2 
3 
the organism zoqglo~p, r~igerp, from an activated ,sludge plant., He 
pro.posed that fl accul at ion was caused by the capsule wh.i ch ,surrounds the 
cell (6) .. The capsule is made of a thick, viscous, sticky, gelatinous· 
material that causes other cells to .stick· on to it wh.en they collid.e 
With a ceJl ( 7) . . Butterfield was ab 1 e to i SO 1 ate · Zeoglo~a ramigera from 
the zoogleal. mass, or activated· sludge floe, ,by microscopically select-
ing typical floe ·particles. He ·~hen ran a ·series of biocne~ical tests 
to esta.blis~ the identity .of the organism he i~olated ... He then ra11 a 
series ,of experirnen:ts comparing activated sludge and .zpogloea. ra~igera 
to remove.the pollutants in sewage and to flocculate the mass .. The 
results of ·these experiments formed th~ basis of ·his postulates (6). 
. . 
Butterfield was· not the fi r;st to. isolate zo'ogloea, ramiger~. . The 
first isol.ation was in 1867 by Itzigsohn .. In 1896, Flugge ,stated that 
the zoogleal. mass in an activated sludge. plant was a mass of capsular 
substance formed by zoogleea ramigera. In 1923, Buswell and Long tried 
to define the compositfon of activated sludge and. explain. the meehanism . 
of purification by activated sludge cells wh,ich had· flocc.ulat.ed (8) •. 
Buswell explained that activated slJdge is made up of zoogleal .floe and 
that protozoa on these floe materials were responsible for tne·purifi-
cation of wastewater. Two years ·later, Taylqr substantiated Buswell 's· 
'theory' using a series of experiments .( 6) .. 
In ·1937; Butterfield ran several experiments trying. to. find other .. 
t:>acteria or organisms capable' of.,producing flocculation, put he found 
that:·~oogloea ra,ziigera was the only specie~ which produced floe material 
. ' , I i 
in his studies (9). Heukele.kian and Littman (lO) repeated Butterfield's 
experimen.ts, and. obta,ined the same ·results. They al~o determined that 
' ' 
if a large foed,source is available, there will be large numbers of 
swimming bacteria. · If there was a shortage of food source• then the 
bacteria would exist mostly in a flocked state instead of in a free 
swil)1ining state. · It would seem to. the author that; since. the co.ncen-
tration ~:>f sub~trate .Ot;' food source -determines ·the cell concentration · 
to -~ome :exten.t, and the. amount of. substrate ·present is determined. b'.Y' 
the specific growth· rate .or cell age, .one might expect that floccula-
tion might be. related to cell age or specific growth rate. The most 
recent ad,dition to the zoogloea1 theory was made by .Buck and keefer 
(ll). They·i~alated an organism :or ba~teria which they believed to be 
of the genus zooglo~a, but a di ff ere.nt SIEC i es than zoogloea ramigera. 
4 
McKinney and Horwood (lr2) contributed another basic theory of·, 
flocculat,ion., In 1952 they were able' to do what Butterfield and others 
tried to do. They isolated seve.ral :organi~ms that would produce floe.· 
Their di.scovery di sp'roved Butterfield's theory that zoogloea ramiger~ 
was the onJY: organism or bact.eri a that would flocculate. 
Later (in 1952), McKinney update~ his prev.ious. theory on floccula-
tion. In his previ-aus .works he stated that flocculation h. a. ,property 
of all ba·cteria. ·After ob!\f!rvingfloc particles under .a r:nicroscope, he 
' . : . . 
reported that floc-prodycing bacteria. grown in ~oluble su,b.strate .were 
separated only by the capsule while floe-producing bacteria grown in. 
insolµble substrate were separated or composed of a.slime lay~r (13). 
McKinney studied the electrical charge on the. surface of the. 
bac:teri a and found that 1 oweri ng the: surface charge ·be 1 ow 15 mil lj vol.ts 
resulted in auto-agglutim~tion (auto-.flocculati·on) or pure bacteria •. 
suspensions, ,~md concluded that ~he surface charge was the m.ajor factor 
in bacterial .flocculation ,as it existed in activated sludge. 
McKi rmey t.hen ran electrophoresis measurements on 72 different. 
bacteria to deterrnine the electric~l charge .on bot.h floe -and nonfJoc-: 
forming,bacteria. The surfa~e charge varied frorn 4.9·to 20.8 milli.-
volts with t~e maj.arity running between 6.0 and 12.0 mil.livolt,s .. A 
large majority were below .the 11 criticaiu cha}'.'ge-"!'15 milliv_olts--for · 
f1Qcculation.· It appeared that something else was. influencing floc-
culation bes ides ;surface ct:iarge (28). 
5 
In 1955 ancl l~p7, .McK.iryriey Jllade m0re microscopic e~aminations of. 
both floe;. and .nonflo.c-pre&ueiiyrg· batteria. He notited that :the nonfloc- .. 
··producing bact.eria. were still very motile .and active, which indicated·-
that active metabolism pf·the substrate was still in progr~ss~ He. 
n0ticed that the floc-praducing .bacteria.were .lacki.ng motility and 
activity, which ,indicated to him that m~tabolisin _of·su'J::~strate had 
either ceased or slowed down considerably. It should be notep that· 
this mig.ht al~o indicate tnat the arno.unt _of s~bstrate influe,riae~:.floc- ·· 
culation and the amount·pf:su~strat~ available can depend an. growth 
l ' . . ·' . 
rate or call age. 
McKinney_ ran-exper_ime~ts.using ,Alcaligenes faecali$, and shewed 
that :they flocc.ulated witm~ six hours~, indicating to him th.at . 
Alcaligen~s-faecq.l:(s was capable of usihg only a small portion of the 
substrate .. _.Uti-lization af, th.is fraction exh_austed the food supp{y, and 
flocculat,ion occurred. If flocculati,on were a .normal phen9m~n0n-•y.1hic~. 
resulted when the food supply was. exhausted, then all bac_teri~ wauld 
floccu~late ••. Mc~inney-ra~ this exp~ri-ment on. several oth~r. isol.ated 
bacteria, and all of -the cultures formed floe within seven:teen•days 9 
.. i ; ' ' ' ! . . 
and all of :;the bacteria sh_owed. a· conside.rable amount of activitu ,before 
floc~ulation •. After -flocculation, the bacteria showed,,very.littl.e 
activity, indicating to him that metabolism ,had ceased. McKinney 
concluded that bacterial flocculation depends upon 
l) primary surfaGe charge, and . 
6 
2) energy.content of, the system and activity of the bacteri.~·(12) . 
. ,/ · .. 
Butterfield and McKinney, along with others, described how and 
possibly why bacteria flocculate~ However, at times, bacteri~.are 
nonfloc-producing .and the addition of chemicals assists in .floccula-
tion. These. chemical.s inc.lude polyelectrolytes and metal ions.· 
B, .Polyelectrolytes 
Polyelectrolytes consist of either natural or ,synthetic. pol~ers. 
Natural polymers are of several different sources. When microorgan'isms 
become ~ 1 old 11 or when nitrogen is the limiting nutrient, extracellular 
polymer excretion .increases. The polymers are mainly in the.form of 
bacterial polysaccharides. In additi'on, many old .cells. lyse and 
rel ease polymeric. nucleic ac,ids and polypeptides .. These polymers. serve· 
to flocc,ul~tie ·the bacteria cells (7). Ag~in, .it might be. said that 
cell 11 agei1 rr!ight have something to do with flocculation.· 
Synthetic polyelectrolytes are long chain, high molecular weight 
organic polymers that have many active sites along the length of the 
polymer chain. There are three ·general classes of polyelectrolytes 
which can be used. These are 
1) ,a~ioni.c · 
2) catieniq, and 
3) nonioni.C · 
The three·are basically the same except far the charge--.anionic. 
bein[ negatively ch~rged, cationic, positively charged, and nonionic 
being neutrally charged. ·.The basic polyacrylamide structures are 
-CH-CH2-CH-CH2-CH-CH2-I I I 
CO CO CO (nonionic polyelectrolyte) 
NIH2 N~2 ·. ,N~2 
Upon addification with .acrylic acid, .the anionic·polyelectrolyte 
is formed 
-cr-oH2-cr-cH2 .,~~ .. cH2-
co CO CO (anionic po\yelectrolyte) 
I ~ I 
NH2 NH2 0-
UpoR addition of quarternary amine, the catonic polyelectrolyte 
is formed (15)(16). 
-CH•tH2 -CH-CH 2 ~CH-CH2 -t t· I 
~o c~2 c~o 
NH2 R~n-R NH2 
Although·there has been a great amount of work.accorrtplish~d with. 
the use of polyelectrolytes, there is still much more needed. There 
are still many unknowns regarding the reasons polyelectrolytes work 
the way·they_do, 
7 
When flocculation occurs in th.e presence of polymers, absqrption,. 
charge neutralization, and.interparticlebridgi-ng are possible causi-
tive 111echa,ni sms (17). When polyelectrolytes are added to suspended. 
solids, they are absorbed by the organic and the inorganic .matter .. 
This absorption is due to the formation of at least one of the follow-
ing bonds 
1) hydrogen :bonding 
2) elec~rostatic side-bonding, or 
3) double-layer-interaction (17}(18)(1) 
During this absorption, ·a great ~ain or lo~s of ~harge or.active sites 
. . . 
on the-po.lyelec~rolyte occurs. When the charge, .. the Va-n der Walls 1 
force~, have· been reduced on the bacteria; floccul a ti.on occurs. · When 
two or more sol id .particles or ba.cteri a at.tach to diff~ren1~nactive 
' - . . ·~ ... ·,,,.. 
._,,. 
sites on the po1yelect,rolyte, bridging occurs.- These bridges yield·. 
closely pack·eq floes ;of .bacteria; and these·settle ·out ·ofthe•l:iquid. 
This bridging effect happens with both natural and synthe;:ti~ polymers 
(7) •. 
In 1954; ~ichaels showed that for a polymer to enhan.ce the floc-
culatton of a su~pension .of col.loid.s, it had to be ,absorpeq ·,on the 
colloid -surfa.ce •. Then .flocculation .could occur by.either J>f ·.two ways 
1). the electr9ki.neti.c potential of the colloidal. surface.,niay be 
reduced to ·a 1 evel . .where noccul at ion occuts, or 
' 2) polymer molecu,les may absorb one .or more·colloid_s and .cause 
bri.dging between the polymer' and the colloids, thus causinQ floccuh-
tion 1(1~)(20). 
8 
Dosages -Of .polyelectrol~tes have a ·grea;t effect qn the .. efficiency 
of floc;:culationo ·The relatianship. bet.ween cell flocculation.and poly-. 
mer concentration Js ·shown· in F.igure l . (21). 
i Bi~kner ·repQrtec(th1at p;olymer· dosages s_mal ler or larger than 
. optimal.c~eate.incomplete flocculation. He also reported that ~;change 
' . 
of the pelymer dosage ·res.ulted in a different size of .floe. :prod~ced. 
' . ' 
Also, work on optimal dosages of polyelect,rol;Ytes has been qone at 
Oklahoma State ·University by Yu (22); and Waldman (1),, in 1962 and 
l~,63, respectively. 
i 
Fi~ure 1. 'Residu.al Turbidity as a Functipn of Polymer Dosage· 
(Pulaski, 1968) · 
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C. Metal Ions 
Metal Coagulants, such as aluminum sulfate Al 2{so4)3 and ferric 
chloride {FeC1 3) have been used for many years in domestic sewage 
plants as flocculating agents to remove solids from wastewaters. In 
the flocculation of microorganisms, the efficiency of metal coagulants 
is dependent on the pH and alkalinity of the wastewater and the rela-
tionships between the concentration of bacteria and dosage of metal 
ions {21)(23). 
According .to Tenney and Stumm, the optimum pH range for effective 
flocculation is approximately 5 to 6 for alum, and 4.5 and 5.S for 
iron {23). Within this pH range, both iron and aluminum hydroxides 
are formed. Looking at the solubility .curves of aluminum and iron, 
both are quite completely precipitated at pH levels as low as 5, and 
very little Fe+3 and Al+3 remain in the water. AT pH 4 or .hss, the 
OH- concentration is insufficient to precipitate Fe+3 completely. 
Al+3 is incompletely precipitated at pH less than 5 for the same 
reason. Such results tend to explain why there must be a .residual 
alkalinity during chemical coag.ulation. 
Concentration of solids in relation to dosage is another important 
factor in themical flocculation with Fe+3 and Al+3. With reference to 
Figure 2a, at low dosages, zone Ij an insufficient concentration of 
coagulant has been used to produce flocculation. Increasing the dosage, 
zone II, permits rapid flocculation and destabilization of bacteria 
{Figure 2a}. A further increase in dosage, zone III, restabilizes the 
bacteria {Figure 2a). In zone IV, a degree of over-saturation occurs 
to produce what is termed a ••sweep floe {24)(21}. 
Figure 2. Schematic Representation -0f Coagulation Observed in 
Jar Test Using Aluminum (III) or Iron (III) Salts 
at Constant pH (21) 
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Figure 2b is a representation of interrelationships between dos-
ages and bacteria concentration at a constant pH. For systems con-
taining low colloid concentration, sufficient contact opportunity does 
not exist to produce flocclllation. This condition may be found in 
water treatment plcints. 
For higher concentration of colloids (s2 and s3 in Figure 2b), an 
increase in dosage of coagulant is required. The destabilization zone 
(zone II) is observed to widen with an increase of so lids concentra-
tion (Figure 2a). 
For very high colloid conceritration~, similar to that found in 
sludge conditioning .in wastewater treatment plants, a high dosage of 
coagulant is required·to cause flocculation of bacteria (Figure 2b) .. 
From the works of Stumm, Tenney, O'Melia, and Morgan, flocculation 
of bacteria with the aid of aluminum sulfate or ferric chloride depends 
upon 
1) dqsage of co~gulant 
2) pH, and 
3 ) al ka li n i ty. 
Flocculation occurs by interaction .of linear polymers resulting 
from hydrolysis of aluminum sulfate or ferric.chloride with dispersed 
cellso The ions at the end of these short-chained polymers attach to 
ionic groups on the bacteria (25)(26). 
The purposes of .the·present study are to 
1) compare auto-fl occul at ion with chemi call>'-aided flocculation, 
u~ing FeCll and Al 2(so4)3 se~arately, 
2) compare auto-flocculation of cells grpwn at different specific 
I 
growt~ rates, and 
3) compar~ various dosages of metal ions, ferric chloride, and 
aluminum sulfate on flocculation. 
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Another aspect of the study, which .was not originally .Proposed, is 
a brief investigation into the shock loading capability of slow-growing 
cells. Results of this phase of the work are not included,in,Chapter 
IV but are given in Appendix C .. 
CHAPrER III 
MATERIALS AND METHODS 
To study the influence of the addition of alum or ferric chloride 
as a clarification or flocculation aid on high concentrations and 
dilute concentrations of effluent from a once-through reactor unit and 
the study of-the effect of different specific growth rates on floccu-
latfon, a bench scale unit was operated under closely controlled con-
ditions. A description of laboratory apparatus, feed solution, alum 
and ferric chloride stock solutions, initial startup and daily pro-
cedural schedule, analytical procedures, and methods of analyzing the 
data are given below. · 
A. Laboratory Apparatus 
A diagram of the laboratory setup used in this investigation is 
shown in Figure 3 .. A 2.5-liter glass once-through 11 chemostat11 served 
as the reactor. The aeration _volume (volume under air) was 2.1 liter. 
The reactor was four inches in diame_ter and fourteen inches in height. 
The feed rate was-changed from experiment to experiment,·to provide 
detention .times of 8.0, 24.0, 48.0, or 72.0 hours-1 in the reactor. 
Air was supplied through two porous diffuser stones at an air flow· 
rate of three liters per minute, which was adequate to provide good mix-
ing and also supply enough oxygen for metabolic requirements ,of the 
microorganisms. The air stones were washed thoroughly every three to 
16 
FigurE! 3. Once-through Chemostat Used .. in ·Study 
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fi~e days and then replaced after each detention time. The air flow 
was measured using a Gelman· airflow meter. To assure that the biologi-
cal system was safe from oil, foreign liquid, and matter from the com-
pressed air, a filter consisting of ~otton fibers was placed in the 
line ahead of the reactor. A dual, positive displacement pump (Milton 
Roy, Avondale, Pa~) was used to deliver a continuous flow of synthetic 
waste to the once ... through bio.logical treatment urdt. Plastic tubing 
was used for both the suction side and discharge side of the pump. 
Alternately, each of the feed lines was disinfected by pumping through 
it a solution of potassium permanganate. Thus, one set of lines was 
disinfected while the other set was being .used to feed the. ,wastewater 
' ' \ I I i 
to the unit. These qu~rter-inch diameter lines were replaced several 
times during the course of thi~ study. The rate of flow was checked 
daily, using a graduated cylinder and stopwatch. 
' . . Complete mixing was checked by several methods. Biological solids 
samples were taken inside the reactor and from the effluent. Also, 
. . . 
chemical oxygen demand was run on the filtrate from the inside.of the 
tank and from the effluent. Optical density was checked on effluent 
and reactor .mixed liquor .. 
B. Feed Sqlution 
Listed in Table I is the chemical composition of the synthetic 
wastewater used in th.is study. The wastewater was designed to have a. 
nominal chemical oxygen demand (COD) of 1000 mg/l (milligrams per 
liter), Other required nutrients were provided in the concentrations 
shown in Table I. A one-molar (lM) phosphate buffer system controlled 
the pH of the system .. the feed pH was maintained at approximately 7 .2. 
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Stock solutions of dextrose, salts which contain Mgso4, FeC1 3, . 
Mnso4, buffer and ammonia sulfate, were made up using distilled water. 
Enough distilled water was added to make up two liters (1) of stock 
solution. New stock solution was prepared once every three weeks in 
order to guard against contamination. 
TABLE I 
COMPOSITION OF SYNTHETIC WASTEWATER 
(1000 mg/l glucose) 
Constituents 
Glucose 
AIT)monia.sulfate 
Magnesium sulfate 
Ferric chloride 
Manganous sulfate 
Calcium chloride 
1 M phosphate buffer solution 
Tap water 
Amount 
1000 mg/l 
500 mg/l 
100 mg/l 
0.5 mg/l 
100 mg/l 
7.5 mg/l 
l,O mg/l 
100 ml /1 
The feed was made up in a 20~liter Pyrex bottle, 10 liters at a 
time. Three or four liters of distilled water were placed in the 
bottle, .then the correct amounts (measured in a graduated cylinder) of 
each stock solution were mixed thoroughly with the distilled water in 
the glass·bottle. Feed solution was prepared daily to keep the feed 
solution from becoming contam.ina~ed ... 
I 
C. Alum and Ferric Chloride Stock.Solution 
,. . ' . . . . ' . . 
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Stock solutfons 'Of .al4m .and fe.rric chloride were made. up for this· 
st4dy., For. a1um stock, five grams·of·alum were mixed in a ,2 .. 111ter 
volumetric flask·(half-filled) and stirred until dissolved .•. Then the 
flask was filled to two liters. Thus, the stock contained 2.5 mg/ml of 
the flocculating .chemical. The ferric chloride stock solution was made· 
up in the same way, 
D. Initial, Startup 
The original seed of microorganisms. came from the effluent of th~ 
primary .settling :basin at the municipal wastewater treatment pla,nt in 
Stillwater, Oklahoma. New seed was obtained for each continuous flow 
. . . l ' 
run ... The reactor wa~ run for one to two days as. a batch unit to let 
the microorganisms acclimate·to the S,Yn~~e.tic feed. 
Following this acclimation period,,the reactor was operated on a. 
continuou.s ·flow basis. At -this tirne, daily sampling for v~.rious 
analyse.s was initiated, 
E. Daily Parameters 
The parameter~ which were monito~ed daily are listed in Table II. 
A 100-ml sample of feed was taken each day. From this, a 10-mlsample 
I 
wa,s taken for the c!Jemical oxygen demand (COD) analysi_s; the rest was 
used to ·determine the pH .. · 
A 25-ml sample was taken from the effluent and filtered through 
22 
0.45 µ melJlbrane ·filter for the determina4ion .of effluent biological 
solids. A 10-ml sample of the filtrate.was taken for the chemical oxy-
gen demand analysis .. 
T~.~LE II 
PARAMETERS MONITORED ON A DAlLY, BASIS 
l. Feed 
a) mixing feed 
b) chemi ca 1 oxyg~.YI dem.and . 
c) pH· .. 
2. . .E;ffl uent 
a) biol ogi~al sol ids. 
b) chemic~J oxygen demand, filtered 
c) pH 
3. . Reactt>r 
a) biological ,solid,s · 
b) chemical exygen demand, filtered 
c) pH • 
d) temp~rature 
f. Analytical Prqcedures 
Feed COD determi nat.ion was made in accordance with Standard Meth-
ods for the Exami na4i on of Water and Wastewater (27), Effluent and 
reactor COD determinations were made in accordance ~;th di 1 ut.e COD 
method in Standard Methods (27). · 
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Biological solids concentration was performed by filte.ring a known 
volume through a membrane filter (0.45 µ pore size). The filter pad 
was placed in an aluminum di~h and dried at l03°C for two hours .. After-
cool ing to room temperature in a desic.cator, the tare was weig.hted for 
initial weight. After a filter was dried and weighed, a measured vol-
ume of the sample was filtered. - The filter was then 9ri ed for two 
hours at l03°c, cooled to room temperature in a desiccator, and weighed 
to determine the final weight. 
The ,pH of·the feed and effluent were checked regularly. using a 
Beckrnan Expandomatic SS..;.2 pH meter. -The meter was standardized ~o- a pH. 
of 4, 7, and 10, ~sing standard buffer soluti9ns. 
Temperature was checked periodically, using a thermometer having a 
range of -20° to 110°c. The optical density was calculated from read-
ings of percent transmittance using a Bau~ch and Lomb Spectre>nic:.20 at 
a wave l eng:th of 535 mm. 
The open jar tests were run for ea.ch detentdon time or, growth rate 
after the biolpgical reactor was at a steady.state. The jar tests were 
run on a standard Phipps and Bird jar test apparatus. The jar test 
apparatus consists of six stirrers and a paddle.attached ~t the end -0f 
each stirrer. ·Each stirrer can be-lifted so that a container.can be 
pl aced on or removed from the apparatus. The stirrers were controlled . 
by a variab,l e sp,eed motor. The range of speed. was 0 ... 120 rpm. The con-
tainers used for the jar test were 600-rnl Pyrex beakers (graduated). -
A volume of 250 ml ·of effluent was placed in each of the six con-
tainers._ Two blan~s were used, one for every sixth run; and the other 
five jars·were used for. the settling .test. A volume of the effluent in 
the container was· taken out'and replaced by an equal amount of alum 
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solution ,to give the desired concentration." For example: One .ml taken 
out and replaced with one ml of ·stoc~ chemical. solution gave a concen .. 
tra~ion of l 0 mg/l.. Concentrations u.s~d were 10 mg/l. · 20 mg/l, 30 
. . 
mg/1._40 mg/l, 50 mg/l. ·60 mg/l, 80 mg/l •. 100 mg/l •· 120 mg/l •. 140 mg/l,. 
and two blanks were .used except for 48 .. hour .and 72 .. hour detention ti.mes •. 
For.these two-detention times, a blank was left out and 240 mg/l was 
added. This was done to see the effect of high concentrQ.tions of alum. 
A sample of the eff.luent was taken b~fore the jar· te~t to find, initipl 
optical density after the ·addition of: alum.r,,a period of one ,minu,t;e ·was 
. : 
used for.the flash mix and then fifteen minutes was used for floccula~. 
tion time (5.), Samples ,of 10 ml were taken from the first half .. i_nch of 
supernatant in each· container ·and placed in sa,mple tubes so .optical 
density could be determined.·. Thi.s was done periodically fqr every fif .. 
teen minute.s until th.e optical, density .was constant .. .:.usually J0 .. 15 min .. 
utes. The same procedur-~'·was:. followed for.the study in which .ferric 
I' : 
· ch'1oride was .. employed ·as coagulant ... 
Jar ~ests were also made on a dilute suspension of cell.s. The 
same pro.cedure was· folJowed, except the .effluent solution .was diluted 
to a concentration of-one part effluent to ten parts distill~d1water. 
G. ·· Methods of Da:ta Analysis •. 
; 
Treatment.purific-at;ion,_ or COD removal efficiency, was determined. 
· as . fo~ lows: 
s; .:. s 
E = 1 x l 0.0 
1 s. 
1 
where 
E = COD removal efficiency, percent 
Sf= fofluent substrate concen,trat,ion,. mg/l 
S :::; effluent substrate concentration, mg/l 
Cell yield was ·determined as ·folfows 
Y = yield 
X = biological ma~s, mg/l . 
Dilut.ion .ratio, or specific ,growth rate1 µ, was determined. as 
follows 
where 
F = fl ow of effl \,lent, , rnl /mi,n · 
V :::; volume• ml 
Efficiency of settling. was. determine9 a$ ff>llows 
OD. - ODf 
EOD = 1 · .· (100) OD. , 
EOD = perce.nt decrease in optical ... 9~nsity 
OD; =". itlitial optical clensit~, 
ODf = .final optical density 
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CHAPTER IV· 
RESULTS 
The laboratory reactor was operated for a period of approximately 
fo.ur months. During .these four months, .the detention .time was varied 
from eight hours to 72 hours~ and jar tests were executed at each 
detention time when 11 steady-state 11 was reached. 11Steady-state 11 con-
ditions were assumed when constant values for reactor solids, reactor 
COD, effluent COD, and effluent so.lids were obtained. Tab 1 es showing 
the daily va.l ues from which steady-state concentrations of the vari.ous 
parameters were calc.ulated for each detentfon .time are given. in 
Appendix-A. 
A. · Studies. at D • 0.1~5 hr-1 
The reactor was run for two days under batch conditions to allow 
the cells to acclimate to the synthetic .wastewater. The reactor was. 
then put into continuous flow and run for fourteen days~ The steady.,. 
state data are plotted in,Figure 4. 
The COD removal efficiency was 89.5 percent. The biomass concen-
tration ranged from 412 mg/l to 496 mg/l with an average of 452 mg/l, 
-
The average effluent CO.D was 108 mg/1 ; the ca 1 cu la, ted yi e 1 d ,. Y, was 
0.49. The pH remained constant in the effluent at 6.8; the. feed pH 
was7.2. 
After the reactor ran at steady.,.state for a few days, .jar tests 
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Figure4 .. Operational Data for Steady-State at.p:;: 0.125 hr-1 
(arrows ·signi·fy when jar ·tests were. run) 
Q :;: feed (COD} 
D :;: reactor COD 
~ :;: effluent COD 
'\J:;: biological solids 
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were run on the efflue~t (see arrows on Figure 4). 
Both alum and ferric.chloride .were used as coagulants, and tests 
were run on effluent and a dilute solution of effluent. The results 
are presented in Figures 5 and 6, 7 and 8. 
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The results for undiluted effl~ent (high cell concentration) after 
addition of ferric.chloride ~nd alum as. flocculatfog chemicals ·are 
shown in Figu~es 5 .and 6, respectively. · As shown in Figure 5, ferric 
chloride exhibited little effect on the settleapility .of microorgan- · 
isms; the same can be said of alum, as seen in Figure 6. 
These results indicate that alum was more effective in enhancing 
settling than was ferric chloride. The best settleability efficiency 
for ferric chloride was 12.5 percent at 140 mg/l, while for alum it 
was 28 p~rcent at 100 mg/l. 
The results of the addition of-ferric chloride or alum as coagu-
lent on dilute ~oncentrati6ns of effluent are shown in Figure$ 7 and a~ 
respectively •. Both figures show that the addition of ferric chloride 
or a 1 um effected the settling of bacteria. · The settl eabi l ity efficiency 
for ferric chloride was 92 percent at a dosage of 100 mg/l, while .the 
efficiency for alum was 97 percent at a dosage of 100 mg/l. 
B. Studies at D = 0.042 hr-1 
The reactor was run for two days to let the cells acclimate to the 
srnthetic .wastewater. The reactor was.then put into continuous flow 
operation and run for.eleven days~ The stead,Y~state data are plotted 
in Figure 9, 
The COD removal efficiency was 92.3 percent, and the reactor bio-
mass concentration ranged from 406 mg/l to 480 mg/l with an average of 
:,,,_ 
Figure 5. Settling Rate of Biological Solids From the.Effluent 
of a. Ohee".'through .Reactor for Jar Te.st.s With . 
Var~ou~ Dosages .of Fe~riC:· Chlor.ide .Added at 
D = 0. 125 hr~ l 
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Figure 6. Settling Rates of Biological Solids From the 
Effluent .pf a Once-through Reactor for Jar Tests 
With Various~qosages of Alum Added at . 
D = 0.125 hr 
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Figure 7. Settling Rates of a Dilute Solution of Biological 
Solids From the Effluent of a Once-thr6ugh 
Reactor for.Jar Tests With Various Dosages of. 
Ferri~·Chloride Added at D = 0.125 hr-1 
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(arrows .. indicF!te when jar tests were run) 
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422 mg/l~ The average effluent COD was 81 mg/l; the cell yield, Y, was 
0.43. The effluent pH remained constant at 6.8, and the feed pH was 
7. 2, .as before. 
After the reactor ran at steady-state for a few days, jar tests 
were run on the effluent. Results are tabulated in Ap~endix B and 
shown graphically in Figures 10, 11, 12, and 13. 
Results .far addition of ferric chloride and alum to the chemostat 
effluent are given in Figures lOand 11, respectively. These figures. 
show that the addition of ferric chloride or alum had little effect on 
settling of the cells. 
The results of the addition of ferric chloride or alum tQ a dilute 
solution .of effluent are shown in Figures 12 and 13. Both figures 
indicate that the addition of ferric chloride or alum enhanced settling 
of the cells. The settleability effici.ency for both ferric chloride 
and alum was98iJercent. 
C. Studies at D = 0.021 hr-1 · 
The reactor was run for three days to let the cells acclimate to 
the synthetic .wastewater. After they were acclimated, the rea.ctor was 
put into continuous flow operation fat fifteen days. The 11 steady-
state1J datp.·areplotted in Figure 14 .. There was some solids floccula-
tion prior to day 6; however, in calculating average steady,state 
conditions, all data shown in Figure 12 were employed. 
COD removal efficiency was 90~9 percent. The reactor solids· 
ranged from 250 mg/l to 412 mg/l, with an average of 341 mg/l. The 
average effluent COD was 99.6 mg/l, and the cell yield, Y, was 0.36 
mg/l. T~e effluent pH ranged from 6.8 to 7.0, and the pH of the feed 
Figure 1 O. Settling Rates of Bio 1ogfca1 Sdl ids. From the 
Effluen~ of a,Qnce-through Reac~or for Jar 
Tests With ·Various Dosyges of Ferric Chloride . 
Added at D = 0.042 hr~ 
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Figure 11. Settling Rates of Biological Solids From the. 
Effluent of a Once-through Reac~or for Jar 
Tests With Various Dosages of Alum Added at 
D =·0.042 hr-l . .· . ·. 
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Figur.e 12. Settling, Rate. of a .Dilute Solution of -Biological 
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was 7.2. 
After the reactor was maintai.ned at steady-state for a few days, 
jar tests were run as for the cells harvested at the previous dilution 
rates and the data are tabulated in Appendix B •. 
The results .of studies on the addition of ferric chloride .and 
alum to reactor effluent are found in Figures 15 and 16, re~pectively. 
The addition of ferric chloride or alum enhanced, slightly, the rate of 
settling compared to the blank sample. However, it is interesting to 
. . 
note that at ·this specific growth rate, the cells showed a tendency to 
flocculate and settle without addition of coagulant., The $ettling 
efficiency of the blank was 81 percent, whereas addition of 140 mg/l 
ferric chloride (see Fi.gure 15) increased the efficiency to 89 percent. 
For addition of alum, the efficiency was also 89 percent .. 
The results .of adding ferric chloride and alum to dilute effluent 
are presented tn Figures 17 and 18, respectively. Both ferric chloride 
and alum were effective in enhancing the settling of the cells. Ferric 
chloride caused a greater degree of flocculation and settling than did 
alum. The settling efficiency of the blank was 57 percent for alum jar 
tests, and 67 percent for the ferric chloride jar tests. Addi~ion of 
100 mg/l of alum yielded an efficiency of 71 percent, whereas from 100 
m/gl ferric chloride the efficiency was 97 per,cent. 
D. Studies at D = 0.014 hr-1 
Both r·eactors were started up and run for a few days as batch 
reactors to let the cells become acclimated to the synthetic wastewater. 
After a few days, both reactors were placed into continuous flow oper-
ation for 21 days. The steady-state· data for both reactors Aand Bare 
Figure 15., Settling .Ratio of Biological. Solids From the 
Effl uen.t of a Once-through .Reactor for Jar· 
Tests With Various·Dosages of Ferric 
Chloride at D = 0.021 hr-1 
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Fi.gure 16. Settling Rates of Biologkal SaJids from the 
Effluent of a Once-through Reactor for Jar 
Tests With Various Dosages. of Alum Added at 
D = 0.021 hr~l . 
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Figure 17. Settling Rates of Biological Solids .from a 
Dilute Solution .of Effluent From a Once-
through Reactor for Jar Test,s Wi'th Var.ious. 
Dosages of Ferric Chloritle Added at 
D = 0,021 hr-1 , 
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Figure 18. Settling Rates of Biologica.J ,S0lips from a 
D;J ute Solution of Effluent of a 'Once-through· 
Reactor for .Jar T~sts With Various D0,sages of. 
Alum .Added at D = 0.041 hr-1 
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presented in figures 19 and 20. 
The COD removal efficiency for reactor A was 92.5 percent. The 
biological solids in the reactor A ranged from 450 mg/l to 620 mg/l, 
with an average of 526 mg/1. The average effluent COD was 71.2 mg/1, 
and the cell yield, Y, was 0.53 mg/1. The pH remained constant at 
6.8, and the feed pH was 7.2. 
The COD removal efficiency of reactor B was 93.3 percent. The 
biological solids ranged from 470 mg/l to 600 mg/l with an average of 
533 mg/l. The average effluent COD was 76.2 mg/l, and the cell yield, 
Y; was 0.54 mg/l. The pH of the effluent and the feed remained con-
stant at 6.8 and 7.2, respectively. 
After the two reactors were maintained at steady-state for a few 
days, jar tests were run on the effluent of the reactors. · In order to 
obt~in enough reaction fluid for the jar tests, the effluent from both 
reactors was combined. The steady-state data indicated that both 
reactors were maintaining approximately the same COD removal and bio- . 
logical solids. Thus, the assumption was made that they were in fact 
two portions of the same cell system and could be validly mixed. Raw 
data for the jar test may be found in Appendix B. 
The results of studies on effluent are shown in Figures 21 .and 22, 
respectively. At this low specific growth rate, the blank systems set-
tled very well. Thus, the effect of ferric chloride and alum was very 
small. Addition of 60 mg/l ferric chloride caused more rapid settling, 
but within'a 30-minute period the blank exhibited approximately the 
same degree of clarification (see Figure 19) .. The settling efficiency 
of the blank for the ferric chloride addition was 83 percent, while for 
the blank in the alum test it was 82 percent. The efficiency of settling 
Figure 19. Operational Da~., -of ~teady-s~ate .,of. Reac~or A at 
D = 0.014 hr (arrows·ind1ca~e·where J.ar tests 
were,.,.· stud 1 ed) · 
0 = COD of f e.ed 
D ~ feed ·Of reactor 
~ = ·COD ef .effluent 
'\J = biological sol_ids of reactor 
.---------------------------------... ~ 
s 
.. 
-
0 
0 
0 
0 
0 
0 
2 ~ ~ 2 
... vf>w 
NOl!'1~!N~NO:> SOl10S puo 00:> 
D C\I 
0 
0 
62 
Fig~re 20. · Operational Data of Steady-State for Re(!.ctor B 
at D = ·Q.014 hr-: l (arrows· indJ.eate ~where jar 
te~:t .studies, were made)·. · 
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Figure 2l. . Settli~g .Rates of Bi.ological Soljds From the 
Eff,luent ·of a Onct;!-through Reactar for Jar· 
Tests With Various Dosages of Fe;r-ric Chloride 
Added ato·.014 hrl · · 
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Figure 22. Settling~ Rates of Biological SolJds .From the 
Effluent of.a Once-through Reap.tar for Jar· 
Tests With Various Dosages·ef Alum Added 
at D = 0.014 hrl 
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for addition of ferric chloride was 93 percent, whereas for alum it was 
91 percent. 
The results for the addition of ferric chloride and alum to 
diluted effluent are found in Fig~res 23 and 24, respectfvely. The 
effect of either ferric chloride -0r alum was noticeable compared to the 
settling characteristics of the blanks. The efficiency for the blank 
in the ferric chloride _jar test was 67 percent, .while the efficiE;mcy 
for the blank in th,e alum jar test was 83 percent. · The efficiency of 
settling with the addition of 60 and 100 mg/l of ferric chloriide was 
93 percent. 
Since two reactors were now runnfng in th,e steady-stat~ at a 
detention ·Of 72 hours, .it seemed a good opportunity, before shutting 
down the operation, to perform some shock loading experiments. Thi~ 
was especially signifi~ant because of a long-standing .interest in shock 
loads in the author's laboratory ar:id because some of the other fellow 
student researchers were at present conducting shock loading experi- · 
ments. · Thus, the detention time was decreased to four hours in one 
reactor and two hours in the other reactor, and the response to these 
severe hydraulic shocks was measured .. Since this line of ·experimen-
tation was very different from the main subject of the pre.sent• report,. 
these results are not presented in this chapter but can b~ found in 
Appendix c .. Briefly, both shocks led to nearly complete dilute~out of· 
the cells. Had there been any s.ignificant amount of cells left after 
the shock, the author intended to perform jar te~ts to determine if the 
cells which had settled readily at D = 0.014 hr-l would again exhibit 
the non-settling tendencies exhibited in the present study on the 
higher growth rate~ 
Figure 23 •. Settling Rates of Biological Soljds From a. 
Dilute ·solution of Efflu.ent Frem a Once .. 
through Reactor for Jar Tests Wi::t:h Various 
Dosages of Ferric Chl0ri·d.e Added at · 
D = 0.014 hr-1 . 
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Dilu~e Solutio.n ·Of Effluent Fram:a Once-
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CHAPTER V 
DiSCUSSION 
In this investigation, .auto-flocculation was compared to floccu-
lation aided with' chemicqls, using various dosages of ferric chloride 
and alum for cells grown at four specific growth rates. Studies were 
made using cells in the effluents {high concentrations) and using 1/10 
dilutions of ~he effluent {low concehtration~) . 
. A. Ja~ Tests on Effluent.Cells 
{high concentration) 
The addition of ferric chloride or alum to high concentrations of 
cells from the effluent of a once-through reactor was not effective in 
that the dosed systems exhibited the same lack of .flocculation and 
settl~ing as did the blank systems •.. Some concentrations of .metal· ions 
hindered settling and actually caused dispersion of the cells. For 
example, when the specific growth rate was D = 0.042 hr~ 1 , Figures 10 
and 11 showed that the addition of 60 mg/l of ferric chloride Qr alum 
interfered with the settling of the cells. ·In figure 10, the addition 
of 100 mg/l of ferric chloride caused an apparent dispersion of the 
cells. In these experiments, the addition of 20 mg/l of either,. ferric 
I 
chloride or alum had no effecr on settling. However,·the addi~ion of 
100 mg/l and 140 mg/l of ferric chloride or alum caused some formation 
of floe particles. Only at the 140 mg/l dosage were the floe particles 
74 
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dense enough to.settle to an·extent.which. showed improvement in clari,ty 
compared to t~e results at zero dosage. The s~ttling efficiency of the 
blank for the ferric: chlori,de study (Figure 10) was 29 p~rcent,. while · 
•.: ' 
with. a dosage .of 140 mg!J; of ferric cnloride, the settling. efficiency 
was· 38 percent., The settling effici.ency of the blank ·for the alum 
' ' ' 
study· (~i.gure l l) was 21 percent. whi 1 e with the, addi.ti on of 140 mg/l 
·. of ·:a 1 um~ the . settli n9 -,effi c;i'enc.y: was 38 percerit.; 
The results. of the studies. at other growth ·rat~s yielded ·es~en­
ti a 1 ly .the, Same results; i • e •,I little benef.i t Tr,Om the addj ti qn Of ··:the 
I 
ch.emical coagulants. However, it is important' to, note, that_ settling 
effici·ency of the blan~s varied according ta the specific growth ,rate. 
This aspect is .discussed separately .below. · Th~ addition of c;ertain 
dos~ges of metal ions .caused dispersion of ~the cells and other dosages 
caused some formation ,of ·floe particles, but the ions ·never affec~ed 
the settling ·or flocc.ulation',of·the cells to any signtficant,ex:tent. · 
' ' Th~se results. are s.hown in Table III with the settling .efficiency of· 
' ' ' 1 ' ' ' ' ' ', ' 
the blank and the dos.age .which. created the op:timal se~tling eff.i.aie.ncy. 
I, 
with ferri.c ·chloride ambalum; · 
Michaels in 1954 showed; that fer ·.a polymer. to affect flQc.c;~lation . 
' • ', . . t ' 
and sett 1 i ng, , the po 1 ymer · haq to be absorbeq on th;e sur..faa~ r of the 
colloid .. · When this occurred, f1occu1 a ti.on could then take. place b,Y 
either reduction ·Of elect,rokinetic potential of the colloid surf.ace; or. 
briqging :of colloi_d particles1 (19)(20) •. : ln the present .stud_y, ·polymers 
were nt:Jt employed. but the sar:ne · principle.s of charge. req4ction and 
agglomeration by-bridging .(colloid-.metaJ-celloid) might.be applicable, 
and since a rather high concentratian of ·colloids, i.e •. , ba.cteria; was 
present, there may have been enough _metal ions, to reduce the Van de,r ·Waal 
• 1·' 
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forces and other surface charges contributin to. the electrokinetic 
potential. Also, the salts whi~h were added to the feed for nutrients 
may have caused interference with the reduction of the charges on the 
bacterial surface. Bridging may not hqve occurred because of a lack 
of such sites on the cell, or it may have been that the surface charge 
was so large that the cells repelled each other •. 
Growth Rate ( hr·-1) 
o. 125 
0.042 
0.021 
0.014 
TABLE III 
COMPARISON OF EFFECT OF CHEMICAL DOSAGES ON 
CLARIFICATION OF CHEMOSTAT EFFLUENT 
Blank Chemical 
Ferric Ferric 
Chloride Alum Dosage Chloride Dosage Al um 
(percent) (percent) (rng/l). (percent) (Jfig/l) . (percent) 
8 10 80, 120 13 MO 28 
29 71 140 38 140 38 
81 70 240 83 240 .· 83 
87 84 120, 240 93 50' l 00 87 120, 240 
According to Stumm and O'Melia, there are .three factors which 
influence d'estabilization of bacteria by Fe+3 and Al+3; these are dos-
ages of coagulant, pH, and colloid. concentration (26). The pH of the 
effluent used for the jar tests were 6.8 and 6.9. These values are 
higher than the optimal pH of ferric chloride--4.5 to 5.5--and for 
alum, 5 to 6 (23); When adding ferric chloride or alum to water, the 
pH wi 11 normally drop according to the dosage or concentration of the 
alum or ferric:.chloride, For example, ,when 150 rng/l of ~lu111 (l5 .ml) 
. :- / ' , 
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were added to 235 ml of tap water, the pH dropped from 6.2 to 5.8. 
However, th.e system under study ·wa.s highly buffered, .and the pH could 
be expected to remqin at 5.8•6.9, 'pH was not checked after additio.n · 
of Fe+3 or Jb.+3 salts.)· 
B .. · Jar Tests on Di lute Effluent Ce 11 s 
(low concentration) 
The additio.n of ferric chloride or alum .to a dilute sqlytion of 
effluent from a once-th~ough reactor was found to. greatly enhance 
settling of bacteria. These coagulants were effective only at. concen-
trations of greater than 50 mg/l, Cqncentrations less than 50 mg/l of 
coagulant·caused a dispersi.cm of,cells. 
When making up the dilute solution of ·effluent; distilled :.water 
was added to the effluent of the reactor. This c~used a dilution of 
the salts, lowering the electrolyte concentration.· This, coupl(tQ with 
the. 1 ower bacteri.a concentration, ,apparently created concJHi ons favor-:: 
able to chemical enhancement of flocc,ulation ,and settling· of, the 1 cUlu~ed 
cells~. The settling efficiency of the .blanks and dosages which .caused 
the greatest flocculation and settling .are shown Jn Table IV.· 
Since the colloid concentration was low:,, there shquld .Qe no. inter-
mediate zone between zones of flocculati,on (zone.II in Fibure 2b). It 
seems that flocc~lation and settling occurred in the "sweep floq'.', zone,· 
i I 
zone IV in Figure 2a (21 )(24). ; 
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TABLE IV 
COMPARISON OF EFFECT OF CHEMICAL DOSAGES ON CLARIFICATION 
Growth1Rate 
· (hr- ) 
0. 125 
0.041 
0.021 
0.014 
. OF DILUTE CHEMOSTAT EFFLUENT 
Blank Chemical 
Ferric Ferric· 
Chloride Alum Dosage Chloride Dosage 
(percent) (percent) (mg/l) (percent) (mg/1) 
10 25. 140 96 l 00 
10 49 80, 100 98 80, 120., 140 
66 57 80, 100 98 50, 120, 140 120, 
66 83 60, 80 93 140 100, 120 
C. Auto-flocculation at Differen~ Sp,cific 
Growth Rates 
100 
100 
240 
Alum 
(percent) 
90 
98 
71 
93 
In Table V it is shown that the settling tendencies Rf th~ cells 
are increased as the specific growth rate decreases, or as the cell 
11 age 11 increases. The settling efficiency for D = 0.125 hr-l was 28 per-
cent, while the settling efficiency for D = 0.014 hr-1 was 83 percent. 
Butterfi el.d proposed that flocculation was caused by the capsule 
of the cell, while Heukel ekian and L ittm~rn obtained the same results as 
did Butterfield, but they also proposed that bacteria flocculate when 
there is a shortage of substrate available (9)(10). McKinney noticed 
that the cells flocculated when they were lacking motility and. activity. 
All of the theories of flocculation indicate that the amount of 
substrate could in some way.play .a major role in determining whethe.r · 
flocculation occurs. On the other hand,.the amount of substrate in 
solution is also determined by the growth· rat~ or the eel l ag,e of the 
system. · 
TA~LE V 
COMPARISON OF EFFECT OF SPECIFIC GROWTH RATE ON AUTO-
FLOCCULATION OF.CHEMOSTAT ·EFFLUENT 
Blank for Ferric Blank for Alum. 
Growth Rat~· Chlorid~ Jar Test Jar Test· (hr-1) (percent) · (percent) 
0. 12.5 8 13 
0.041 79 ' 38 
0.021 81 87 
0.01.4 · 87 ' ,· ,:97. 
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It is known from observation~ made in th.e author's labqratqr;y dur- . 
ing growth studies ,over 'a long period of years that cell sus.pensions. go 
from dispersed to flocculent phase~ as ce11 age increases, i.e •. , growth 
rate decreases (29). 
Liao ·(30) in his batch studi~s with various pure cultu~es of floe~ 
forming bacteria, concluded that ~pecies poss-essing high µmax values 
flocked somewhat better than those with a.lower maximum growth rate 
capability.: Since ·his. studies ,were in batch systems; the high µmax 
80 
might·be interpreted as a ·capability ,for removirig more substrate in a 
gi,ven amount of time and thµs these c:ellS- flocked better because of 
lowere~ substrate concentration~ On the other hand,.if the:~eJls grew 
.. :,. i 
faster, they would be proportionately ol.der at ·a given .harv~s·ting "time. 
. ~ . . 
It' is •. of .course, dif'f.ic1.11.t to correJat~ findings in contjpuous ·flow 
and .batch st1.1dies,, but. there. does. not· appea.r to ·be ·any ir;ico.nsistency · 
... . '' 
,I ,,' 
between. the. pres~ht fi·ndi ngs in co·nti nuo.us sy,stems and. s imi hf! ,pbser-
vat ions. by Gaudy ,(29) and the fin.dings in .batch pure culture ,work by 
Liao. 
Al so. the corre la ti on between low grawth rate and settl i 119. effi-
ciency of. the, cells ·can be observed in current .studies in these ;labor-
' ,. 
atories ... Studies cu.rrently under way.by. Mr:~ N. Bartle as w~llas. Mr ... 
Randy Bradley,. show· an apparent cqrrelati.on' between µ and settling 
velocity. Settling velocity may poss:ibly be associated with .tightness 
of .floe~ In addition, .. studies have peen made byMr. Saleh showtr,i.g .that. 
at low growth rates, excellent clarity of effluent is. main:tainep· even 
during s.~gk load conditipns .. where.in su.bstrate .concentra:tion in th.e 
reactor (and ~ffluent) are si-gnifi~antly raised .above ~hat;during 
steady ope}'.'ation. Thus, .it would ap~ear that low growth rate rather 
'. 
than absence. of suqstrate , or 1 ot.J ~ubstrate concentrations. as per .the 
fincUng .of ·Littmari and Heukelekian (10) pl,ays a determining .role .in 
eff-ectuating flocculation (31)(32.). 
Also, another possiqility to explain th.e apparent effect .qf cell 
age is th.at as the cells become older, a significant portion of the 
population undergoes lysi s. · The macromolecules of the. ceHs may 
function .as ·natural_ polymeric ·polyelectrolytes, thus enhanajng cell 
flocculatio·n,, In fact, .Pavoni, Tenney, and Echelberger (33) ·have 
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suggested that exocellular bacterial, polymers such as polysa.ccharide 
protein, RNA and DNA, ennance bacterial flocculation .. They concluded 
that this mechanism occurred during the endogenous phase~ While this 
interpretation may be debated, it does seem that relea.se of such poly-
mers may be .expected during very slow growth under the 11 starvatfon 11 
conditions which exist .in activated ~ludge processes. The conditions 
for flocculatipn are not well defined and th~re is much need for con-
tinued study of thh ·complicatedprocess. The fact that ~ddition .of 
bacterial polymer (e.g., ·polysaccharides) will not unequivocally cause 
flocculation was. demonstrated in th.e author's laboratory in an experi-, 
ment in which five preparations of bacterial polysaccharide harvested 
from pure. cultures of sewage origin were actded to dispersed suspensions· 
of young heterogeneous ·populations .. (34) ~ The polysacc.harides employed 
were those used as substrate by Obayashi and, 'Gaudy (35). ·They .showed 
that microbial ext.racellul.ar polys~ccharide could be readily u~ed by 
an acclimated heterogeneou.s population .. Thus, if such polymers aided, 
flocculation, they could in. time also serve as a source of substrate. 
CHAPTER VI 
CONCLUSIONS 
The operatioh of a once-through chemostat usiog the effluent for 
jar tests with the. addition of either ferric ch.loride or alum has led 
to the f o 11 owing con cl us fons: 
1. Some dosages of ferric chloride and alum caused a dispersion 
of cells and interfered with settling. 
2. Flocculation of bacteria f~om the effluent was not enhanced 
by addition of ferri.c ·chloride or alum .. 
3. Flocculation of a dilute.solution .of effluent was enhanaed by 
the addition of ferric·chloride or,alum. 
4. Specific growth rate appears to be a major.factor in1floccu-
lation and settling, with lower·specific growth rate yie.lding more 
flocculant cell suspensions .. 
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CHAPTER VII 
SUGGESTIONS FOR FUTURE WORK 
' ' ' Based on the findings of this study; the following suggesti.oDs are 
' ' 
presented for future studies on the fa~tor~ ~ffecting flocculation:. 
j 
1. Study the effect of ferric :chlor.ide .or alum on flocculation. 
of both effluent and dilute effluent, .with pH adjustment •. 
2. Study the differences ·Of flocculation ~haracteristtcs,of var~ 
iOus pure cultures of ba.cteria with different morphological, character-
istics, ·e.g.,. aap'.sulat~d versus non-capsulated bacteria; motile .versus 
non-motile bacteria. 
3. Study the effect of spec'i,fic-growth rate on flocculatiqn over 
a wide range of :growth rates.: 
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TABLE VI 
DATA FOR STEADY-STATE (D = 0.125 hr-1) 
Date Fe.ed Tank Effluent. Tank Effluent 
••(1974) Day COD COD COD Solids Solids pH 
·8~26 1056 124 122 280 272 6.8 
8-27 2 944 122 118 412 392 
8-28 3 1048 112 . 106 416 400 
8-30 5 1008 114 106 432 416 
8-21 6 1056 114. 112 440 424 
9- 1 7 1008 108 104 480 460 6.8 
9- 2 8 944 112 107 408 452 
9.. 3 9 1088 HO 464 
9- 4 10 1056 106 486 6.8 
9- 5 11 1040 108 104 468 460 
9- 6 12 1080 106 102 464 456 
9- 7 13 944 102 . 100 496 456 6.8 
9- 8 14 1056 102 101 456 440 
452 
y = 1o2(- 113 
y = .49 
89 
TABLE VU· 
DATA FOR·STEADY-STATE (D .= 0.042 ·hr: ) 
Date Feed· Tank .. Effl u~nt T•nk. Effluent .. (197-4) Day COD coo coo Solids Sol ids pH 
9-lQ 1 1152 ' 117 113 180 166 
9-ll 2· 992 113' 109 420 406 6.8. 
9-12 3 1032 98 10.5 420 413, 
9-13. 4 ~ 10.0 . 105 103 440 426' 
9-14. 5 1048 97 94 446 426 6.8 
9-15 6 1032 81 74. 460 440 
9-16 7, 1056. 78' 74" 466' 440· 
9-17 8 1032 64 50 486 460 6.8 .· 
9-18 9 1056 6'1 54 486 473 
9-19 10: 1032 77 57 493 .. 480 
9-20 11 1040. 64 57 486 480 6.7 
·---
----.. 
Averag~: : 1062. 86 81 434· 422 
. y =. 422:. 
·Hl52 .- 8l 
y = 0.43 .. 
Date Feed 
(1974) Day COD 
10- 6 l 1048 
10- 7 2 l 064 
10- 8 3 1096 
10- .9 4 1048 
10-10 5 1048 
l O..; 11 6 1064 
10-12 7 1128 
10-13 8 1020 
l 0-14 9 1070 
10-15 10 1096 
l Oo. l 6 11 1096 
l 0= 17 12 1096 
10-1.8 13 1032 
l 0-19 14 986 
10-20 15 1015 
l 0-21 16 l 025 
Average: 1058 
321 
y = lo58 - 99. 6 
y = 0.36 
TABLE VI II 
DATA FOR STEADY-STATE 
(D = 0.021 hr"".l) 
Tank Effluent 
COD COD 
80 
77 96 
86 80 
106 138 
90 138 
110 135 
109 138 
106 124 
88 l 06 
83 89 
80 65 
80 74 
84 70 
86 72 
83 80 
89.8 99.6 
90 
Tank Effluent 
Solids sol ids . pH 
28 
204 
256 259 6.8 
264 212 6.8 
252 224 6.9 
264 240 7~0 
375 367 6.9 
392 360 6.9 
376 340! 
412 348 6.9 
372 352 
386 352 7.0 
404 372 
376 364 6.8 
384 356 
388 348 6.9 
:B4 l 321 
91 
TABLE IX 
DATA FO~ STEADY-STATE (Tank #1) 
(0 = 0.014 hr- ) 
Date' Feed 1ank · Effluent Tank. Effluent 
{1974l Dai)! COD COD COD Sol ids · Solids 2H 
11-22 l 1136 147 596 6.8 
11-23 2 1128 104 592 
11 ... 24 3 1104 ' 87 590 
ll-25 4 1096 80 576 6.8 
1 l-26 5 107.2 91 
-
570 
11-27 6 1072 108 568 
11-28 7 1080 105 ... 550 
11-29 8 1080 84. 500 6.9 
11-30 9 1040 108 480 
12- 1 10 1064 85 450 
12- 2 11 1080 72 88 460 400· 6.9 
12-3 12 1072 71 67 45.8· 440 
12,- 4 13 1072· 67 75 540 470 6.7 
12- 5· 14 1080 68 76 540 480 
12- 6 15 1008 60 79 560 620 6.7 
12- 7 16 1000 64. 71 583 530 
12- 8 17 992 67 69 591 . 580 
12:- 9 18 1048. 64 66 620 584 6.8 
12-10 19 1032 60 64 599 582 
12-ll 20 1040 64 65· 604 590 6.8 
12-l2 21 1048 63 64 616 594 
Average: .. 1060.4 78.6 71.2 552 533 
533 y = 0.54 y = 1 060. 4 - 71. 2 . 
92 
TABLE X 
DATA FOR STEADY-STATE (Tank #2) (D = .0.014 hr-1) . 
Date ·Feed Tank Effluent Tank Effluent 
~1974} Da~ COD COD ~COD} Sol ids Solids. ~H 
11-22 l . 1160 160 496 6.8 
11-23. 2 1104 93 504 
11.-24 3 1088 .. 91 . 480 6.8. 
11 ~25 4 1110 107 . 628 
11-26 5 1104 526 
11-27 6 1080 96 500 6.8 
11-28 7 1072 67 71 480 
11-29 8 1110. 63 63 476 6.8 
11-30 9 1056 64 59 483 
12- l 10 1000 64 68 480 484 6.8 
12- 2 11 1080 71 70 475 460 
12- 3 12 1072 61 71 470 465 
12- 4 13 1040 68 63 513 490 6.9 
12= 5 14 l 016 68 . 63 540 500 
12"" 6 15 992 64 71 580 527 6.8 
12- 7 16 1000 63 68 . 588 570 
12- 8 17· 1'048. 64 68 595 582 6.9 
12= ,9 18 1008 . 64 64 599 588 
12-J 0 19 1032 60 67 594 575 6.8 
12-11 20 1040 75 67 592 580 
12-l2 21 1008 60 79 593 585 
Average: 1058 70.4 67.4 533 533 
y = 1058 - 67.4 v = o~s4. 
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CONC 
TIME 
0 
15 
30 
45 
60 
75 
90 
TABLE XI 
RAW DATA FOR JAR TEST WITH FERRIC CHLORIDE ADDED 
D = 0 o 125 hr-1 
Blank 10mg 2.)mg 30mg 40mg 50mg Blank 60mg 80mg 
.4 .4 .4 .4 .4 .4 .44 .44 .44 
.44 .44 .46 .41 .42 .41 .51 .49 .43 
.38 .39 .40 .39 .39 .39 .48 .3a .37 
.38 .39 .40 .39 .39 .39 .44 .37 .37 
.37 .38 .39 .38 .39 .38 .38 .39 .38 
.37 • 38 .40 .39 .39 • )8 .38 .38 .38 
.36 .37 .40 .39 .39 .39 .38 .38 .38 
100mg 120mg 
.44 .44 
.44 .39 
.36 .36 
.;6 .35 
.36 .36 
.36 .36 
.36 .36 
140mg 
.44 
.40 
.35 
·-
.34 
.35 
.35 
.35 
"' .i:o. 
CONC 
TIME Blank 10mg 
0 
.39 .39 
15 .43 .42 
30 .3a .37 
45 .3e .36 
60 .37 .36 
75 .38 .35 
90 .37 .35 
TABLE XII 
RAW DATA FOR JAR TEST WITH ALUM ADDED 
D = Ool25 hr-1 
20mg 30mg 40mg 50mg Blank 60mg 
.39 .39 .39 .39 .39 .39 
.40 .3a .38 .37 .40 .33 
.36 .37 .35 .34 .36 .32 
.36 .36 .35 .34 .36 .31 
.35 .36 .33 .34 .36 .30 
.34 .34 .35 .33 .35 .30 
.34 .36 .35 .34 .34 .30 
80mg 100mg 
.39 .39 
.31 .30 
.31 .30 
.30 .30 
.29 .30 
.29 .29 
.29 .29 
120mg 
.39 
.33 
.31 
.3 
.3 
.29 
.29 
140mg 
.39 
.3 
.3 
.3 
.3 
~ 
<.n 
CONC 
TIME: 
0 
15 
30 
45 
60 
75 
90 
TABLE XIII 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH FERRIC CHLORIDE ADDED 
D = Ool25 hr-1 
Blank 10mg 20mg 30mg 40mg 50mg Blaru 60mg 80mg 10~ 12~ 
.06 .06 .06 .06 .06 .06 .06 .06 .06 .06 .06 
.01 .07 .07 .075 .085 .082 .05 .019 .04 .oa .oa 
.01 .065 .06 .062 .058 .06 .05 .015 .03 .02 .004 
.065 .065 .06 .06 .055 .055 .048 .01 .02 .01 .004 
.005 .058 .048 .05 .049 .04 .048 .01 .01 .01 .003 
.05 .052 .049 .05 .043 .04 .047 .01 .01 .005 .003 
.05 .05 .049 .05 .042 .04 .047 .01 .01 .005 
14~ 
.06 
.oa 
.002 
.02 
.02 
.02 
l.D 
CTI 
CONC 
TIME 
0 
15 
30 
45 
60 
• 
75 
90 
TABLE XIV 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH ALUM ADDED 
D = Ool25 hr-1 
:Blank 10mg 20mg 30mg 40mg 50mg Blank 60mg 80mg 100mg 
.06 .06 .06 .06 .06 .06 .06 .06 .06 .06 
.07 .07 .061 .01 .01 .058 .065 .01 .051 .05 
.055 .055 .06 .058 .06 .048 .055 .033 .005 .013 
.50 .051 .049 .05 .05 .040 .051 .028 .005 .002 
.049 .048 .047 .05 .05 .035 .05 .03 .005 .002 
.043 .042 .041 .048 .05 .038 .05 .03 .004E .002 
.043 .042 .041 .049 .05 .038 .05 .03 .005 .002 
120mg 
.06 
.05 
.ooa 
.005 
.01 
.01 
.01 
140mg 
.06 
.06 
.01 
.01 
.01 
.01 
.01 
l..O 
'-I 
TABLE XV 
RAW DATA FOR JAR TEST WITH FER~IC CHLORIDE ADDED 
D = Oa042 hr- . 
CONC 
TU'lE Blank 10mg 20mg 30mg 40mg 50mg Blank 60mg 80mg 100mg 
0 .34 .34 .34 .34 .34 .34 .34 .34 .34 .34 
15 .32 .30 .30 .32 .32 .32 .32 .44 .45 .45 
30 .28 .26 .26 .26 .27 .28 • 25 .31 .32 .32 
45 .24 .25 .26 .25 .26 .26 .25 .30 .30 .28 
60 · .• 24 . • 25 .25 .26 .26 .26 .24 .29 .28 .28 
75 .24 .24 .25 .25 .26 .26 .23 .21 .28 .25 
90 .24 .24 .25 .25 .26 .26 .24 .27 .28 .25 
120mg 
.34 
.46 
.30 
.27 
.25 
.25 
.25 
140mg 
.34 
.47 
.28 
.24 
.21 
.21 
.21 
l.O 
co 
CONC 
TIME: Blank 
0 .34 
15 .37 
30 .28 
45 .28 
60 .21 
75 .28 
90 .27 
TABLE XVI 
RAW DATA FOR JAR TEST WITH ALUM ADDED 
D = 0.042 hr-1 
10mg 20mg 30mg 40mg 50mg Blank 60mg 
.34 .34 .34 .34 .34 .34 .34 
.36 .31 .36 .35 .38 .44 .44 
.28 .28 .28 .28 .29 .29 .31 
.28 .21 .21 .21 .28 .29 .32 
.28 .26 • 'Z1 .27 .28 .29 .29 
.27 • 21 .'Z'{ .27 .28 .29 .28 
.27 .26 .26 .26 .27 .28 .28 
80mg 100mg 
.34 .34 
.46 .44 
.29 .27 
.29 .26 
.29 .25 
.29 .25 
.29 .25 
120mg 
.34 
.46 
.28 
.21 
.21 
.26 
.26 
14~ 
.34 
.48 
, -
.24 
.23 
.22 
.22 
l.D 
l.D 
CONC 
TIME 
0 
15. 
25 
35 
45 
60 
75 
TABLE XVII 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH FERRIC CHLORIDE ADDED 
D = 0.042 hr-1 
Blank 10mg 20mg 30mg 40mg 50mg Blank 60mg 80mg ·10~ 1~ 
.05 .05 .05 .05 .05 .05 .05 .05 .05 .05 .05 
.05 .03 .035 .05 .04 .035 .045 .008 .002 .07 .08 
.025 .025 .028 .025 .023 .025 .03 .005 .01 .01 .01 
.025 .02 .025 .023 .023 .028 .025. .004 
.025 .02 .025 .03 .023 .028 .025 .01 
.02 .02 .022 .023 .03 .03 .024 
.02 .023 .025 .021 .028 .03 .02 
140mg 
.05 
.085 
.01 
0 
0 
-:.\•' 
,,. .. J •• ... 
TABLE XVIII 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH ALUM ADDED 
D = 0.042 hr-1 · 
CONC 
TIME Illank 10mg 20mg 30mg 40mg 50mg Blank 60mg 80mg 10~ 120IDE 14~ \ 
0 .05 .05 .05 .05 .05 .05 .05 .05 .05 .05 .05 .05 
15 .04 .045 .06 .06 .06 .06 .04 .015 .025 .045 .05 .055 
25 .03 .03 .05 .038 .045 .045 .03 .01 .005 .001 .025 
35 .03 .03 .048 .035 .04 .04 .028 .01 .001 .001 .02 .02 
45 .028 .03 .048 .035 .04 .039 .03 .01 .001 .001 .02 .02 
60 .03 .028 .035 .055 .04 .038 .03 .01 .001 .001 .02 .02 
75 .03 .03 .032 .04 .04 .035 
__, 
0 
__, 
:-c.:-' ... 
CONC 
TIME Blank 
0 .64 
15 .6 
30 .41 
45 .17 
60 .15 
75 .12 
90 .12 
~'".;:1:1.~-,·. 
TABLE XIX 
RAW DATA FOR JAR TEST WITH FERRIC CHLORIDE ADDED 
D = 0.021 hr-l 
10mg 20mg 30mg 40mg 50mg 60mg 80mg 100mg 120mg 
.64 .64 .64 .64 .64 .64 .64 .64 .64 
.6 .61 .59 .62 .62 .59 .59 .57 .64 
, .26 
.24 .34 .29 .33 .31 .18 .28 .22 
.18 .13 .13 .13 .12 .11 .1 .09 .16 
.14 .14 .13 .14 .13 .1 .1 .1 .28 
.12 .11 .11 .12 .12 .1 • 1 .09 .1 
.12 .12 .11 .11 .11 .1 .1 .09 .1 
140mg 
.64 
.6 
.19 
.1 
.09 
.1 
.1 
240mg 
.64 
.62 
.22 
.1 
.oa 
.09 
.09 
0 
N 
CONC 
TIME Blank 10mg 
0 .4 .4 
15 .43 .42 
30 .24 .2 
45 .14 .11 
60 .12 .11 
75 .13 .11 
90 .12 .11 
TABLE XX 
RAW DATA FOR JAR TEST WITH ALUM ADDED 
D = Oo021 hr-
20mg 30mg 40mg 50mg 60mg 80mg 
.4 .4 .4 .4 .4 .4 
.38 .4 .4 .4 .4 .4 
.21 .19 .13 .21 .25 .21 
.11 .11 .12 .11 .10 .09 
.11 .10 .11 .10 .10 .09 
.11 .11 .11 .10 .1 .09 
.11 .11 .11 .1 .1 .09 
1~ 120mg 
.4 .4 
.42 .4 
.23 .29 
.11 .10 
.10 .09 
.09 .09 
.09 .09 
140mg 
.4 
.43 
.31 
.10 
.09 
.09 
.09 
240mg 
.4 
.4 
.3 
.09 
.oa 
.07 
.07 
__, 
C> 
w. 
CONC 
TIME 
0 
15 
30 
45 
60 
.75 
TABLE XXI 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH FERRIC CHLORIDE ADDED 
D = Oo021 hr-1 
Blank 10mg 20mg 30mg 40mg 50mg 60mg 80mg 100mg 120mg 140mg 
.06 .06 .06 .06 .06 .06 .06 .06 .06 .06 .06 
.07 .07 .07 .09 .oa .oa .04 .01 .02 .03 . h .04 
.04 .03 .03 .04 .05 .04 .01 0 0 .01 0 
.03 .02 .03 .03 .03 .03 .01 0 0 0 0 
.02 .02 .02 .03 .03 .03 .01. 0 0 0 0 
.02 .02 .03 .03 .03 .03 
.240mg 
.o6 
.12 
.1 
.1 
.09 
__, 
.··~ 
fr"!':t.,. 
CONC 
TIME 
0 
15 
30 
45 
60 
75 
90 
TABLE XXII 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH ALUM ADDED 
D = Oa021 hr-1 
Blank 10mg 20m€ 30mg 4~ 50me 60mg 8~ 10Clm€ 120mg 
.07 .01 .01 .01 .01 .01 .07 .01 .07 .07 
.07 .07 .07 .01 .01 .01 .oa .04 .05 .01 
.04 .04 .03 .04 .04 .03 .04 .02 .02 .02 
.03 .03 .03 .04 .04 .03 .03 .02 .04 .02 
.03 .03 .04 .03 .04 .03 .03 .02 .02 .02 
.03 .04 .04 .04 .04 .03 .03 .02 .02 .02 
.03 .04 .04 .04 .04 .03 .03 .02 .02 .02 
140mg 
.07 
.06 
.03 
.03 
.03 
.03 
.03 
240lllg 
.01 
.05 
.03 
.02 
.02 
.02 
.02 
__, 
0 
:(JI 
CONC 
TIME 
Blank 
0 .39 
15 .42 
30 .09 
45 .06 
60 .07 
. 75 .06 
90 .07 
TABLE XXIII 
RAW DATA FOR JAR TEST WITH FERRIC CHLORIDE ADDED 
D = 0.014 hr-1 
10mg 20mg 30mg 40mg 50mg 60mg 80mg 100JD4 
.39 .36 .34 .38 .35 .23 .21 .48 
.07 .06 .06 .01 .09 .05 .06 • 06 
.07 .05 .06 .06 .04 .05 .05 .06 
.06 .05 .05 .07 .05 .05 .05 .05 
.06 .05 .05 .06 .05 .05 .05 .05 
.01 .05 .05 .06 .04 .05 .05 .04 
12C>m4! 140q 
.31 .39 
.. 
.05 .06 
.04 .04 
.04 .04 
.04 .12 
.04 .01 
240DIE 
.23 
.06 
.05 
.03 
.03 
.03 
...... 
0 
O'l 
GONG 
Blank 10mg 
TIME 
0 .44 
15 .52 .51 
30 .10 .12 
45 .07 .oe 
60 .09 .07 
75 .oa .01 
90 .01 .01 
TABLE XXIV 
RAW DATA FOR JAR TEST WITH ALUM ADDED 
D = Oo0l4 hr-1 
20mg 30mg 40mg 50mg 60mg 80mg 100mg 
.53 .55 .53 .5 .44 .42 .50 
.17 .13 .15 .25 .09 .09 .oe 
.01a .078 .01 .07 .01 .05 .05 
.07 .01 .01 .07 .05 .05 .05 
.07 .07 .01 .01 .05 
.07 .07 .068 .06 
120mg h40mg 
.57 .48 
.13 .09 
.04 .05 
.05 .05 
.04 
24DmB 
.46 
.14 
.03 
.04 
.04 
0 
-.....J 
CONC 
TIME 
0 
15 
30 
45 
60 
75 
90 
TABLE XXV 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH FERRIC CHLORIDE ADDED 
D = 0.014 hr-
Blank 10mg 20mg 30mg 40ing 50mg 60mg 80mg 100mg 120mg 140mg 
.06 
.05 .06 .05 .05 .06 .os .03 .OOA .004 .oos .02 
.02 .01 .01 .03 .02 .04 .004 .OOL .008 .ooa 
.02 .01 .01 .02 .02 .03 .004 .oos .004 .oos 
.02 .02 
'" 
240mg 
.16 
.14 
.14 
__. 
@ 
CONC 
TIME 
0 
15 
30 
45 
60 
75 
90' 
TABLE XXVI 
RAW DATA FOR JAR TEST ON DILUTE EFFLUENT WITH ALUM ADDED 
D = 0.014 hr-1 
Blank 10mg 20mg 30mg 40mg 50mg 60mg 80mg 100mg 120mg 
.06 
.05 .04 .05 .05 .04 .05 .04 .04 .03 .02 
.01 .01 .01 .01 .o .01 .02 .ooa .008 .01 
.01 .01 .01 .01 .01 .01 .01 .ooa .oos .01 
.01 .01 .01 .01 .01 .01 .01 
' 
140m@ 
.02 
.008 
.004 
240IDB 
.03 
.01 
.008 
....... 
0 
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APPENDIX C 
RES UL TS OF , SHOCK LOAD STU DI ES WITH D = 0. 014 hr - l 
TO 0. 25 hr- l AND D = 0. 014 hr- l _.TO 0. 5 hr- l . 
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Shock Loads 
Shock loads to biological waste treatment plants can be defined as 
any.sudden change in the environmental or operational condition under 
which the microorganisms responsible for purification exi~t in the sys-
tem. Si nee shock 1 oa.ds have caused problems at treatment pl ants for 
many years~ much research has been undertaken on shock loads. 
Shock loads can be classified into several types{36): 
Quantitative Shock Loads 
This type of shock load invqlves either an increase or decrease in 
the concentration of organic carbon source in the influent, wh.ile the 
flow, F, remains co.nstant. ,This type of shock load occurs in th.e 
treatment plant every day. 
Qualitative Shock~Loads 
This type of shock load.involves.a change in the composition of 
I 
the carbon source.in the infl,uent, e,g!f glucose to acetic acid. This 
type of shock loa.d can take place wh~never an industry changes proc-
esses of manufacturing or changes to a different product line, etc. 
Toxic Sho!ck Loads 
This type of shock 1 oad i nvo 1 ves the addition of ch.emi.cal com-
pounds to the influent which could. sl.ow down or stop the metabolism of 
the cell .. These chemical compound~ could be heavy metal.s, organic 
compounds, e.g., phenol, and inorganic compounds, e.g., cyanide. This 
type of shock load can arise from industrial activity. 
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pH Shock Loads 
This type of shock load occurs when the pH of the reaction liquor 
changes. This may result f~om industrial plants causing either acid 
or basic conditions in the wastewater. A sudden change in pH can be 
very harmful from a biochemical point of view, 
Temperature or Thermal Shock Load~ 
This type of shock. load occurs when there is a change in the 
temperature of th~ reaction liquor. 
A successful response to the various shock loads will be deijendent 
on several factors (37): 
1) severity of .the shock 
2) rapidity of the snack 
3) detention time for the treatment:.system 
4) physiological characteristics of the sludge 
5) biomass concentration in the system· 
6) dissolved oxygen concentration in the Q,erator · 
n number of ·different species present in the system and the 
versatility of those species predominating at the time of th~ ~hock. 
Hydraulic Sha.ck Loads 
Change ·in dp from 0. 014 hr"'. 1 to 0 .25 hr-1 : The· reactor was · oper-
ting at steady-state before the hydraulic shock load was applieq (Fig-
ure 25). The flow rate, F, was increased so that D = 0.25 hr~ 1 ; the 
plan was to take samples .until the reactor had diluted. out or accepted 
the shock load and assumed a new steady-state .1 eve l. 
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The results of the shdck. load are shown in Figure 25 •. The biolog-
ical solids did not dilute out as fast as the calculated dilution of 
the biological solids using equation (1), (38). 
C = C e-t/td 
0 
C =concentration Jt·any time 
C = initial concentration of reactor 0 
t = time 
td = V/Q 
The COD of the reactor aUo did not dilute in as fast,as the 
calculated values usirrg ecft.lation (2) 
c = c (l-e-t/td) 
0 
c. =concentration at.any time 
C = concentration of infl.uent 0 
t · ,= time 
tor= v IQ 
It is apparent that growth at the very low .specific growt.h rate· 
'' 
ptior to the shock prevented the cells from making successf1,.1l response •. 
a 1 though it is seen by comparing the theoret.ica l di l ute-o.ut and '.obser-
ved curves.. fo-r S and X that at the new dilution rate, som~ pf the .cells. 
ih the system responded but apparently did not possess the hi~h µmax. 
needed to exist in the reactor at the new diluticm rate. 
Change in D from 0.014 hr-1 to -0.5 hr-1: .The reactor was oper-
ating at steady-state before the shock load was applied (Figure 26). 
-1 The .flow rate, F, was increased so that it became 0.5 hr , aryd samp-
les were taken as b-efore. 
The results -of the shock load are presented in Figure 26. The· 
Figure 25. Response of a Sy?tem Shock Loaded From Dilutio.n ~ate of 0.014 hr-1 to 0~25 hr~l 
Q =COD 
0 =.solids 
6 = theoret i'c~ 1 COD 
·\l= theoretic~l sol.ids. 
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Figure 26. Respon~e of a,Sy~t~~.Sho~k Loadld From9ilution 
Rat~ of 0.014 hr to o.s hr-· 
O= ·COD 
0 = sol ids. 
~ = theoretical COD· 
:· ,. ·' .·, .. ' l 
'\1= theoretical solids · 
::!' - .. ~ 
1/llw ' NOIJ.'1ijlN3:lNO:> 
~ ~ 
puo OO:> 
0 g 
CD 
UI 
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biological solids did,not dilute, out .as fast'as the theoretical val,ues .. 
calculated Lsing equati~~ (1). The CO~ did not dilute, in a~ fast as 
the calculated values usi.ng equation (2). The observed curves .and the 
cur.ves .. ca 1cu1 a te,d for. no growth. 1 i e c 1 oser thqn tho.se f qr the.previous, 
.shock; as. would be.expected. It is.. however,· interesting to note that 
even at this sev~re s.hock load condition, a parti~l gr~wth response was 
' ' ' 
evidenced. It is al so i nt~resti n9 to -ncit.e ·that· total cell di.lute-out· 
did not quite.occur, i.e~., trere.was a' very.small concerltration of·. 
cells in t~e unit when the, experiment was. termin~ted. It ,is pos$i bl e 
\ 
that after a more ,prolonged. period of aeratibn; the few cell.s. remain~ 
ing could have. adapted.to the new growth·rat~~ 
~ 
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